ABSTRACT Green ßuorescent protein-producing Escherichia coli were used to investigate the fate of bacteria in the alimentary tract of sterile grown maggots, Lucilia sericata (Meigen), using a laser scanning confocal microscope. A computer program was used to analyze the intensity of the ßuorescence and to quantify the number of bacteria. The crop and the anterior midgut were the most heavily infected areas of the intestine. A signiÞcant decrease in the amount of bacteria was observed in the posterior midgut. The number of bacteria decreased even more signiÞcantly in the anterior hindgut and practically no bacteria were seen in the posterior end, near the anus. The viability of bacteria in the different gut sections was examined. It was shown that 66.7% of the crops, 52.8% of the midguts, 55.6% of the anterior hindguts, and 17.8% of posterior hindguts harbored living bacteria.
MAGGOT DEBRIDEMENT THERAPY, the treatment of suppurative skin infections with the larvae of calliphorid ßies, was Þrst introduced by Baer (1931) . This method was used extensively in the 1930s and early 1940s in over 300 hospitals in the United States alone (McKeever 1933 , Robinson and Norwood 1933 , Sherman and Pechter 1988 , but was abandoned later with the introduction of antibiotics and the use of aggressive surgical debridement. Since 1989 in the United States (Sherman et al. 1993 (Sherman et al. , 1996a (Sherman et al. , 1996b Stoddard et al. 1995) and since the mid-1990s in Great Britain (Thomas et al. 1996a (Thomas et al. , 1996b and Israel (Mumcuoglu et al. 1997 (Mumcuoglu et al. , 1999 , maggot debridement therapy has been reintroduced for the treatment of intractable wounds; and in the last 10 yr, thousands of patients have been successfully treated by this method (for review see Chernin 1986 , Sherman and Pechter 1988 , Thomas et al. 1996a . Baer (1931) , in his Þrst publication on this subject, observed that maggots are capable of signiÞcantly decreasing the number of bacteria in the wound. The presence of an antibacterial substance in the body and excretions of Lucilia sericata (Meigen) was demonstrated by Robinson and Norwood (1934) , Simmons (1935) and Friedman et al. (1998) .
The aim of the current study was to determine the fate of bacteria in the intestine of maggots of L. sericata. This was achieved by feeding sterile maggots green ßuorescent protein(GFP)-producing E. coli and estimating the amount and viability of these bacteria in different sections of the alimentary tract.
Materials and Methods
Flies. A colony of L. sericata has been maintained in the laboratories of the Department of Parasitology, Hebrew University, Jerusalem since 1995. The ßies are kept at 22Ð23ЊC, and fed with a 20% sugar solution. Pieces of liver were placed in the cages to allow oviposition.
Maggots. Fly eggs were removed from the liver and sterilized in 0.05% sodium hypochlorite solution for 5 min followed by 5% formaldehyde treatment for 5 min. The eggs then were washed with sterile distilled water, Þltered, and transferred to a medium containing a mixture (1:1.2 wt:vol) of liver and 4% Bactoagar (Difco, Detroit, MI). Bacteria were added when the maggots were 44 Ð 48 h old.
Sterility Testing. The sterility of the newly hatched maggots was conÞrmed using blood agar, chocolate agar, and thioglycollate broth.
Bacteria. GFP-producing, ampicillin-resistant. Escherichia coli (W3110) provided a convenient tool to image the bacteria in the intestine of the maggot and to allow quantiÞcation of the bacteria in the different sections of the digestive tract.
To quantify the bacteria in the intestinal tract of maggots, 15Ð25 sterile specimens were transferred to a piece of gauze (4 by 4 cm) and fed for 2Ð15 h on 5 ml of brain heart broth containing 10 8 Ð10 10 bacteria/ml of colony forming units. Preliminary studies using a vital dye showed that food ingested by the maggots passed through their intestine within 1Ð1.5 h. Infected maggots were dissected on a slide in a drop of physiological saline under a stereomicroscope. The apical and posterior ends of the maggot were removed and the body content squeezed out of the cuticula. The alimentary tract was uncoiled by removing the tracheae, fat bodies, and the Malpighian tubes. The gut was placed on a microscopic slide in a drop of glycerol and covered with a cover glass.
The viability of E. coli in the crop, the anterior midgut, and the anterior and posterior hindgut of the maggot was determined. Before the dissection the surface of the maggots was washed with 200 ml sterile distilled water and then sterilized in 5 ml of 0.2% sodium hypochlorite in 2.5% formaldehyde for 20 min. The alimentary tract was uncoiled under sterile conditions. A 1-to 2-mm piece of the posterior and anterior hindgut and from the anterior midgut, as well as the entire crop, was excised with a red-hot stainless steel insect pin (No. 0, Asta, Birmingham, UK). This was done to ensure that the ends of each section were sealed and bacterial contamination of the remaining gut sections prevented. Each section was surface sterilized by placing it in three drops of 2.5% formaldehyde for 10 min and washed thereafter with sterile saline solution. Each gut portion was Þrst smeared on a Luria-Bertuni (LB) agar plate and then macerated on another LB plate and incubated at 37ЊC for 48 h. LB agar plates contained 100 ⅐ g/ml ampicillin to prevent growth of bacteria other than the ampicillin resistant, GFP-producing E. coli. Only gut sections, whose outer surface was not contaminated with bacteria were used in further analysis. Sterile maggots and maggots fed a nonßuorescent E. coli bacteria were used as controls.
Laser Confocal Microscope. The presence of bacteria in the different parts of the intestinal tract was studied using a Zeiss 410 laser (Zeiss, Jena, Germany) scanning confocal system attached to Zeiss Axiovert 135 M inverted microscope with 10ϫ plan-Neßuar lens (Zeiss, Jena, Germany). The system was equipped with air-cooled argon laser with 488-nm excitation line, and with a 515-nm long pass barrier Þlter for the excitation of green ßuorescence. Fluorescence and differential interference contrast (DIC) images according to Nomarksi were collected simultaneously, converted to TIF-format and transferred to a Zeiss imaging workstation for pseudocolor representation.
Quantification of Bacteria. A computer program (Colan, Microsoft, Seattle, WA) measured the amount of ßuorescence in the digital picture. The program was intended for accurate color enumeration, and has been written in VCϩϩ under MS-Windows. Initially, a region was selected from a loaded picture that is considered to be a 100% color match to inform the program of the accuracy required. All measurements then had the same, preset level of accuracy. The region to be measured was limited to the area in which the color-to-match appeared. The size of the selected Fig. 1 . Oval-shaped crop of the maggot densely packed with bacteria. area was irrelevant as long as the color was dispersed equally.
Results
The crop and the midgut were the most heavily infected areas of the intestine (Table 1) . A signiÞcant difference (P Ͻ 0.001) was observed between the crop (Fig. 1) and the anterior part of the midgut (Fig. 2) . A gradual decrease in the number of bacteria could be seen along the midgut (Fig. 3) , although sections with large numbers of bacteria were interspersed with sections with small numbers of bacteria (Fig. 4) . The number of bacteria decreased more dramatically at the anterior of the hindgut than in the anterior part of the midgut (P Ͻ 0.01) ( Table 1) . A signiÞcant difference (P Ͻ 0.001) also was found between the anterior and posterior parts of the hindgut, whereas practically no bacteria were seen close to the anus (Table 1 ; Fig.  5 ). Toward the end of the hindgut, there was a distinct zone marking the end of the area in which concentrations of bacteria could be seen (Fig. 6 ). In the midgut and hindgut, bacteria were seen only within the lumen of the peritrophic membrane (Figs. 3, 4 , and 6).
Bacterial examination of the gut sections on LB agar showed that there were viable E. coli in 66.7% of the crops, 52.8% of the midguts, 55.6% of the anterior hindguts, and 17.8% of posterior hindguts (Table 2) .
Discussion
In response to bacterial challenge or trauma, insects produce a battery of bactericidal or bacteriostatic mol- ecules with a broad spectrum of activity against grampositive or gram-negative bacteria (Hoffmann and Hetru 1992) . Bacteriological examinations of infected wounds before initiation of maggot therapy, followed by subsequent cultures at each dressing, have shown that there is a marked decrease in infection as the treatment progressed (Weil et al. 1933) . Simmons (1935) collected excretions by spraying the maggots periodically with water, and showed that the antibacterial substance also was excreted. Bactericidal tests with this substance were conducted with seven species of bacteria of etiological importance in pyogenic infections, and showed that 5-to 10-min exposures were usually sufÞcient to kill all the microorganisms. Lappin-Scott (1998) found that maggots reduced the number of bacteria in a culture of resistant Staphylococcus aureus over a period of 5 d.
To investigate the relative abundance and viability of the bacteria in the successive regions of the alimentary tract of the maggot, Robinson and Norwood (1934) placed sterile maggots on infected wounds and removed them after 24 Ð 48 h. The maggots were dissected, and the crop and a 2 cm long piece of the midgut and hindgut were removed and smeared on a blood agar plate or macerated in nutrient broth. All the crops were infested heavily with bacteria, whereas 60.7% of the midguts and only 7.1% of the hindguts were infested slightly with bacteria. The bacteria were later identiÞed as Staphylococcus aureus and Streptococcus spec. They concluded that a large number of bacteria were destroyed as they passed through the tubular midgut of the maggot, and almost complete destruction of any remaining organisms occurred in the hindgut. In the current study, GFP-producing E. coli were used to visualize bacteria along the alimentary canal of maggots. The crop and midgut had the highest concentration of bacteria. A gradual decrease in the number of bacteria could be seen along the midgut, although some sections with few bacteria were followed areas with large numbers of bacteria. It is possible, that during the uncoiling of the alimentary tract, the content of the intestine was displaced. The number of bacteria decreased even more signiÞcantly in the anterior part of the hindgut, and practically no bacteria were seen in the posterior end near the anus. Toward the end of the hindgut, there was a distinct zone marking the end of the area in which concentrations of bacteria could be seen. Very small numbers of bacteria were seen in the posterior parts of the hindgut close to anus, indicating that the excretions of the maggots are practically sterile. It should be taken into consideration that any remaining bacteria are expelled from the body within the peritrophic membrane and therefore it is possible that they do not come in direct contact with the wound. It also was found that 66.7% of the crops, 52.8% of the midguts, 55.6% of the anterior hindguts, and 17.8% of posterior hindguts were infected with viable bacteria. These percentages are slightly different from those found by Robinson and Norwood (1934) , and could be explained by the different bacteria and techniques that were used.
In the current study it was shown that all bacteria are remaining within the peritrophic membrane of the midgut and hindgut. It is possible that similar to Calliphora vicina (Robineau-Desvoidy), bacteria adhere to the peritrophic membrane with the help of lectins (Peters et al. 1983 ).
An antibacterial agent from maggots was partially puriÞed using a high-performance liquid chromatography column . The fractions harboring the antibacterial agent were identiÞed by a zone inhibition assay with Micrococcus luteus as the indicator bacteria. Proteases abolished all antibacterial activity, indicating that the active agent is a protein or a peptide. The apparent molecular weight of the agent is 6,000, determined by the activity of SDS-PAGE gel. The puriÞed antibacterial agent from maggots caused efßux of potassium ions from the bacterial cells, indicating that the mode of action of this peptide is similar to many other natural antibacterial peptides. The antibacterial agent had a wide spectrum of activity against many resistant pathogen strains including gram-negative bacteria such as E. coli, Salmonella, and Pseudomonas aeruginosa and gram-positive bacteria such as S. aureus, Staphylococcus epidermidis, Listeria, and clinical isolated MRSA. Also, the maggot secretions were puriÞed as above and some fractions have been shown to posses an antibacterial activity against M. luteus.
In addition to the antibacterial substances, maggots also posses diverse proteolytic enzymes, which are capable of digesting bacteria (Hobson 1931 , Ziffren et al. 1957 , Harris 1999 . It is possible that bacteria are lysed by the varying pH values in the alimentary tract (Greenberg 1968, Espinoza-Fuentes and Terra 1987) .
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